Abstract. -The gastric evacuation rates of brown trout Salmo trulta (0.9-1 .6 kg) feeding on fin gerling rainbow trout Oncorhynchus mykiss (3 .5-7.6 g) were measured in the laboratory at five temperatures (4.5 9.0, 14.0, 19.0. and 22 .5°C). Instantaneous gut evacuation rates (Re) increased exponentially with temperature (D: Re = 0.053·eo.073T, r2 = 0.98 ; they varyied from 70f0·h-1 at 4. 5°C to 29%· h-I at 22.5°C. Linear regressions described the relationship between time and qualitative measures of fish digestion, thus allowing investigators to determine how long an ingested fi sh would be identifiable at different temperatures. An analysis of published evacuation rates (N = 121) of 22 fish species indicated that both temperature and prey size (PS, g wet weight) significantly affected digestion rate (R e): Re = 0.049 · e o . on T -O.060 .loge(PS), R2 = 0.52. Predator size did not signi ficantly affect rates of evacuation.
In studies where direct measurements of food consumption by fish in the field are impractical, gastric evacuation rates from laboratory experiments, combi ned with field estimates of stomach fullness, can be used to estimate the food consumption rates for fish (e.g. , Swenson and Smith 1973; Elliott a nd Persson 1978) . When food consumption rates are coupled with information on the types of prey found in the fish 's stomachs and estimates of the number of predators in a system , one can calculate the effect of the predators on a prey population (e.g. , Alexander 1977; Rieman et at 1991).
Temperature, food particle size, and experimental method are three of the more important factors affecting measurements of gastric evacuahon rate. Others variables that have been suggested to influence digestion rates are meal size, prey type, predator size, multiple meals, and the number of food items in a predator's stomach (Durbin et al. 1983) . As water temperature rises, gastric evacuation rates generally increase expo--. I Present address: Environmental Engineering DiviSion Utah S U · . USA.
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nentially until reaching a maximum near the upper temperature tolerance of the species (Molnar and T61g 1962; Molnar et al. 1967; Shrable et al. 1969; Brett and Higgs 1970; Elliott 1972 Elliott , 1975 . Food particle size may affect evacuation rates because increases in surface area may allow acids and enzymes to attack food particles more readily, and thus digest them faster. Fange and Grove (1979) suggested that three categories of predators-microphagous fish (consumers of plankton and insects), mesophagous fish Oarger invertebrates), and macrophagous fish (crabs, fish , and other vertebrates)-have progressively lower digestion rates, but they provided only limited quantitative analysis of this relationship. Other work, however, has indicated that food particle size has only a minor effect on digestion rate (Jobling 1981) or that particle size might affect the shape of the evacuation rate curves (Jobling 1987) . Experimental methods may also affect estimates of evacuation rate because fish that are force-fed may be stressed, and therefore may digest their food more slowly than fish feeding voluntarily (Swenson and Smith 1973; Alexander (977) . As a result, most fisheries workers employ voluntary feeding, which has no adverse effects on fish digestion and more closely mimics the situation of wild fish.
Because brown trout Salmo trutta are important predators in both lakes and streams, their digestion rates and impacts on the prey base have been 717 studied previously. These studies, however, either relied on small insects or fish fry as prey (Elliott 1972 (Elliott , 1991 or provided insufficient quantitative results (Alexander 1977) to predict how fast larger prey would be digested. In our study, we measured the gastric evacuation rates of brown trout as part of a study on the effects of piscivorous salmon ids on the behavior and survival of juvenile rainbow trout Oncorhynchus mykiss in reservoirs (Tabor and Wurtsbaugh 1991) . The first objective of our study was to quantitatively describe the effect of temperature on gut evacuation rates of brown trout feeding on rainbow trout. Secondly, in addition to the customary measure of decrease in prey weight with time, we also evaluated how qualitative measures of digestion change with time, to determine how long a prey would be distinguishable at different temperatures.
A third objective of our work was to review the literature on fish digestion and construct a statistical model to predict gut evacuation rates. Parameters evaluated for this model were temperature, food particle size, and predator size.
Methods

Experiments with Brown Trout
Adult brown trout were originally obtained from the Utah Division of Wildlife Resources' Loa Hatchery and held at 10°C in our laboratory for more than 2 years. Their mean standard length at the time of our study was 404 mm (352-457 mm) and their mean weight was 1.15 kg (0.9-1.6 kg). They were maintained on pellet diets but occasionally were fed Live rainbow trout. Prior to a digestion experiment, they were trained to feed readily on live fingerling rainbow trout. The feeding experiments were conducted in 290-L tanks with depths of 45 cm and diameters of 90 cm. Two brown trout predators were placed in each tank. These tanks were partially covered with sheets of black plastic to provide cover. Light intensities in the uncovered portions of the tanks were approximately 10 /LE · m -2 ·s-1. Windows of the laboratory provided a normal photoperiod of the season, but the lights were occasionally turned on in the laboratory at night. The flow of well water to each tank was 2 L · min -I.
We measured evacuation rates of fish at five temperatures between 4.5 and 22.5°C. Temperatures were adjusted upward 2°C· d -lor downward loC ·d -1 until the test temperature was reached. Fish were then allowed to acclimate at this temperature for five additional days before an exper. iment. During each experiment, temperatures were maintained within ±0.2°C, except they were with. in ± 0.5°C at treatment temperatures of 4.5 and 22.5°C. After acclimation, the brown trout Pred. ators were starved 24-72 h so they fully evacuated their stomachs. This range of starvation times was based on reported evacuation rates for brown trout (Alexander 1977) at temperatures near 5 and 2~.
At each temperature, we measured the evacu.
ation rates of 14-26 predators sampled at 5-7 time intervals after feeding. During the feeding exper. iments, one fingerling rainbow trout of known weight (mean, 5.3 g; range, 3.5-7.6 g; mean stan. dard length, 66 mm) was introduced into each tank. We observed the tank from a distance to determine which predator ate the prey. At a predetermined time after feeding (0.8-33 h, depend. ing upon experimental temperature) the stomach contents of the predator that ate the prey fish were collected by anesthetizing the fish with tricane methanesulfonate (MS-222) and then using a gastric flushing apparatus modified from Foster's ( 1977) to remove the prey remains. Preliminary experiments and the tests of Brodeur (1984) demo onstrated that flushing is an effective way of removing stomach contents for evacuation studies. A brown trout was not reused for an experiment until its feeding rate returned to normal in the laboratory (generally 3-7 d). Santos and Joblina (1988) used the same criterion to estimate when fish had recovered from ' their prior manipulation. After gastric flushing, the digestive states and weights of the fingerling rainbow trout were determined. A digestive state scale (Table I) was chosen to allow field investigators a rapid method for describing the amount of prey remaining in a gut without resorting to weighing. If a fingerling's digestive state feU between any two categories, an intermediate value was assigned. The prey remains were then dried for 48 h at 65°C and weighed to an accuracy of 0.0 I g. Dry weight was used instead of wet weight because wet weight provi~ a poor measure of the amount of organic material present in a fish (Weatherly and Gill 1986) and because water clinging to digested prey makes ~ weights intrinsically difficult to measure. The UU· tial dry weight of each rainbow trout prey. ~ estimated with an empirically derived dry_weight.
wet-weight ratio from a subsample of 10 fish. ~ ing the first 6 months of our study, we assum that this ratio was relatively constant and onlY measured it three times. Subsequently, howe;~ we found that the ratio decreased from 0.2 0.19 under the maintenance rations fed to our stock of rainbow trout fingerlings. To estimate the dryweight : wet weight ratio of the prey during this period, we assumed that it decreased linearly over the 6 months. In the later experiments, the ratio was measured every 2 weeks. Because visual examination of the data from the two time periods indicated that there were no differences between the twO the data were pooled for regression analysis.
Model Selection for Brown Trout
The general model of gastric evacuation rate is dWldt = -R . w e, where W is weight of the stomach contents, t is time after feeding, R is gastric evacuation rate, and c is a constant. When c = 0, the model becomes linear: dWl dt = -R. Linear function s have been found for some fishes (Hunt 1960; Sea burg and Moyle 1964; Daan 1973; Swenson and Smith 1973; Vondracek 1987; . When c = 0.5 , the model follows a square root function: dWl dt = -R· WO· 5 . Davies (1979) and J obling (1981) found that this model ga ve the best fit to their data and suggested that it was applicable to a number of other data sets as well. When c = 1.0, the model is exponential: dWl dt = -R · W. Many investigators have fou nd that fish digestion follows this pattern particularly when the prey are fish (e.g., Brett and Higgs 1970; Elliott 1972; Thorpe 1977; Persson 1979 Persson , 198 1, 1982 Persson , 1986 Cochran and Adelman 1982; MacDonald et a1. 1982; Jobling 1987) . A lag phase in the initiation of gut evacuation following feed ing also has been described (Hnge and Grove 1979); Rogers and Burley (1991) used a slg 'd mOl model to fit this type of response. If a lag phas~ occurs, the calculated exponential regresSIon mtercept will normally be greater than 100% of the in itial weight of the fish fed .
. To determine which model best fits the evacualton rates of brown trout, we used the following equations:
linear: square root: eXponential :
t Wh' Was the final dry weight of the prey Wo was em "
. '
Ihal estimated dry weight of the prey, b was the intercept, and RI, R s , and R e were the respective gastric evacuation rates for the three models and t was time (h). Because it is reasonable t~ assume that no digestion occurred at t = 0, we also tested these models when the regression was forced through the Y-axis at I, so that b was 1, I0Se(l), and vi in the linear, exponential, and square root models, respectively. When the mean weight of prey remaining after a sampling interval was less than 2% of the initial weight, the data points from this interval were excluded from the regression analysis because inclusion of these "empty" fish would have biased the results for some of the regressions. Inspection of the curves indicated that this arbitrary 2% criterion would have minimal effect on the calculated evacuation rates.
Conventional r2 values or mean square errors (MSE) could not be used to evaluate the goodness of fit of these models, because with the former the residuals do not sum to zero in forced regres~ sions, and with the latter, different units of measure were used in each regression. Consequently, we normalized each of the Y. 10ge(Y), or y'Y variables with Z-values:
Y n was the normalized Z-value, Y was WI , I0Se( WI) , or VW;, Y was the mean of Y. and SDy was the standard deviation. The MSE values of the normalized data were then used to determine which model best fit the data.
Evacuation Models Based on Published Data
To obtain articles on gastric evacuation rates for other fishes we reviewed Transactions of the (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) , Freshwater Biology (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) , and Environmental Biology of Fishes (1979 Fishes ( -1990 . Although this was not an exhaustive review, the combined data set (Appendix Table AI ) covered 22 species and included 137 measured evacuation rates at temperatures varying from 2 to 27°C (mean, 12.6°C). Evacuation rates for forcefed fish and for fish receiving artificial pellets were not used in our analysis. In some cases, prey weights were not given in the papers, reducing our sample size. When possible, we obtained prey weights by contacting the authors or by calculating the weight of the prey with length-weight regressions. This yielded a data set with N = 121. Prey wet weights ranged from 0.0008 g for Daphnia magna to 41 g for the eulachon Thaleichthys pacificus. Predator weights were available for only 84 cases. Stepwise multiple-regression models (SAS Institute 1985) were used with independent variables of temperature, predator size, and the natural logarithm offood particle weight. The dependent variable was the logarithm of the gastric evacuation rate (R e). If the gastric evacuation rates were not stated in a paper, we calculated exponential rates from the tabular or graphical data provided by estimating the slope of lo~( Wtf W o ) regressed against time. 
Results
Gastric Evacuation Rates for Brown Trout
Linear, square root, and logarithmi.c equations describing gastric evacuation of rainbow trout by brown trout indicated that no single model consistently provided the best fit (Table 2 ). In comparisons of Z-transformed data, the square root model gave the lowest MSE at the three lowest temperatures, whereas the exponential model yielded minimum MSEs at the two highest temperatures ( Table 2 ). The linear model never provided the best fit of the data. We elected to use the exponential model for subsequent presentation and analysis because it is consistent with the majority of the literature on gut evacuation rates. thereby facilitating comparisons with other studies. With the exponential model, calculated laS phases for the five temperatures varied from 0.1 to 6.2 h, but lag times were not significantly correlated with temperature (r2 = 0.46; P > 0.4).
Furthermore, the intercepts were significantly (P < 0.05) different from 100% of the initial prey weight only at 14 and 22SC, at which the calculated lag times were 2.2 and 0.7 h, respectively.
Additionally, the evacuation rates calculated bY forcing the regressions gave a more consisteD! relationship with temperature than did regreSSIOns that were not forced (Table 2) . Consequently, we elected to force the equations through 100% at t = 0 (Figure I ). 
HOURS AFTER FEEDING
. FIGUR E 1. -Proportion of the initial dry weight of rainbow trout prey remaining in brown trout stomachs over time at five temperatures. The exponential models of evacuation (--) shown were forced to 1.0 at time = O. Square-rool models (---) and linear models (-.. .. ) are shown for co mparison. Equations for these models are given in Ta ble 2. Open circles on the time axis indicate data that were excluded from the regression analysis because the fish we re considered empty. Filled squares indicate data that were collected in the early part of the study when the initial d ry weight: wet weight ratios of the prey were not determined regularly. Filled circles represent data for all other fis h.
The instantaneous rates of gastric evacuation Figure 2 probably provides more reliable estimates of digestion rates at particular temperatures than do the rates given in Table 2 .
Including prey weight with temperature in a stepwise linear regression model of R did not significantly improve the relationship (partial F = 1.59; P > 0.10) over that predicted with temper_ ature alone. This result was expected given the small range in prey weights fed to the trout and the scatter of the data points.
Using the relationship between temperature and gastric evacuation rate, we estimated the time necessary for brown trout to digest meals to given proportions of initial weights (Figure 3 ). "Complete" digestion (98% evacuated) decreased exponentially from 53 hat 4SC to 14 h at 22.5"C.
The relationship between time and the qualitative measures of digestive state (DS) were adequately described by linear regressions, and the slope coefficients of these relationships generally to reach DS 7 ("empty") decreased from 37 hat 4SC to 11.5 h at 22SC. At 4.5°C the rainbow trout could still be identified as salmonids (OS 3) for 13 h, whereas at 22.5°C they could only be identified for 3.5 h.
Gastric Evacuation Rates /rom Compiled Data
Temperature and food particle size both significantly affected gut evacuation rates offish ( Figure   60 . .... Table I )-and hours (H) after feed ing in brown trout tested at five temperatures. Least-squares regressions were fitted to the curves. Symbols are described in Figure I . 5). Tem perature (1) was the best single estimator of the instantaneous evacuation rate (Re) of fish (partial F = 124.06; P < 0 .000 I), but adding food particle size (PS, g wet weight) significantly improved the estimate (partial F = 64.50; P < O.?OO I). Digestion rate was negatively correlated W~th predator weight but its inclusion in the model ~lth tem perature and food particle size did not significantl y improve the prediction (partial F = ~8.49; P = 0.1 I). Thus the analysis yielded the Ollowing multiple regression model of instantaneous evacuation:
R e = 0.049·eo.072-T-O.060 .log, (PS) (2) (R2", 0.52). The two variables in this model thus explained 52% of the variance in evacuation rates observed among fishes. Examination of the residuals indicated that the basic assumptions of normality and homogeneity of variance were met. Over the temperature range analyzed (2-27°C), the model predicts a sixfold increase in digestion rates. Over the range of prey sizes examined (0.0008-41 g), digestion rates decreased by nearly one-half.
Discussion
Temperature had a strong effect on gut evacuation rates of brown trout (Figure 2; equation I) . The tem perature exponent in equation I (0.073) indicates that digestion rate increases 2. 1 times for each lOoe increase in temperature (the QI O). 
FI GU RE 5. -(Upper) Effects of temperature and food particle size on published ex ponential evacuation rates (~} of 22 species of fish (Table A I ). (Lower) Response surface (equation 2) fitted to these data showing the effectS 0 temperature and food particle size on rates of gastric evacuation. Note that logarithmic scales were used for preY weight to fa cilitate the data presentation.
This rate of increase is within the normally expected range (2-3) for temperature-regulated physiological processes (Cossins and Bowler 1987) . Our analysis of published literature on fish digestion also indicated that temperature had a strong effect on gut evacuation rate ( Figure 5 ; equation 2). The te mperature exponent in the multiple regression model (0.072) was nearly identical to the one we fo und for brown trout, giving a QIO of2.0. Elliott (1972 Elliott ( , 1991 found that increasing temperature had a much stronger effect on digestion rates of brown trout feeding on invertebrates (QIO = 3.2) or fish fry (QIO = 3.0) than we found in our study (Figure 2 ). At temperatures above 10°C, this results in 20-40% differences in estimated digestion rates between the different studies. Durbin et al.
( 1 983) reviewed individual temperature coefficients fo r several marine and freshwater fish and found a mean temperature coefficient of 0.115 , which also gives a very high QIO of 3.2. Hinge and Grove (1979) reported a QIO of 2.6 in their analysis of digestion in fishes. The reason for the substantial d ifference between our results and those of these workers is not clear.
The multiple-regression model indicated that in addition to temperature, prey size had a substantial effect on digestion rates ( Figure 5 ). This effect was expected because large food particles, such as whole fis h, have relatively small surface-to-volume ratios, which do not facilitate mechanical and chemical breakdown (Swenson and Smith 1973; Windell 1978) . Additionally, the skin and skeleton of fis h may resist digestion. We caution, however, that the analysis could have been biased because nearly all of the digestion studies reported live weights (Table AI) . For example, we found that seemingly undigested rainbow trout (digestion state I) taken from the guts of brown trout had lost 12% of their dry body weight ( Table I ), suggesting that although the skin may remain intact, digestion of the tissue proceeds. Nevertheless, Our analysis of the literature values indicates that as prey live weight increases from 0.0 I g to 20 g at 15°C, the digestion rate decreases from 0.19 to 0. 12 · h -I. This change would increase the time for complete digestion (98%) from 21 to 33 h.
Factors other than those examined in our study may have contributed to the relatively low R 2 values that we found from the multiple-regression analysi s of fish digestion . Several of these factors h~ve been reviewed by Durbin et al. (1983) . First, dIfferen t species of fish have intrinsically different metabolic rates and growth strategies (Brett and Groves 1979) that should result in different digestion rates. Second, meal size may have an effect on digestion rates because large rations may stimulate gastric activity and increase the amount of material evacuated per hour (Hunt 1960; Beamish 1971 ; Jobling et al. 1977) . Elliott (1991) cautioned, however, that some of the reported effects of meal size may be due to workers using wet weights rather than dry weights in their analyses. He found that large meals had no effect on digestion rates if dry weights were used in the analysis, but that they induced a significant decrease in rates if wet weights were employed. Because dry weights give a more accurate measure of organic content ofa meal, we suggest that they be employed where possible. For example, had we not used dry weights in our analysis, the change in the fraction of dry weight of the rainbow trout prey from 0.19 to 0.25 would have resulted in an error of 30% in our estimation of evacuation rates. Third, food type may also affect evacuation rate, because increasing levels of fat, protein, chitin, or bone may slow digestion (Hinge and Grove 1979) . Fourth, multiple meals have been reported to influence digestion rate, but some analyses have suggested that measurements of single meals are adequate to predict rates for wild fish that frequently consume multiple meals (Durbin et al. 1983 ).
Many models have been suggested to describe gut evacuation in fish (J obling 1981; Rogers and Burley 1991) . For brown trout, no single model provided the best fit of the data over all five test temperatures (Table 2 ), but the square root and exponential models provided the lowest error estimates. This is inconsistent with the analysis of Jobliog (1987) , who suggested that large food items such as fish are emptied according to a linear function. A sigmoid function may also be appropriate for some fish eating large prey (Rogers and Burley 1991); we did not test this model because we measured too few fish in the early stages of digestion. Our results suggest that any ofthe commonly used exponential, square root, or linear functions adequately describe the evacuation rates of brown trout feeding on rainbow trout ( Figure I ; Table  2 ). For example, when the three models we tested were used to estimate gut evacuation rates for the Z-normalized data, they yielded evacuation rate coefficients within 6% of each other.
Qualitative estimates of fish digestion ( Figure  4 ) could even be used with reasonable accuracy to estimate the amount of time a prey had been in a piscivorous brown trout's stomach. For example, at temperatures from 9 to 22.5°C, the qualitative digestive states and the equations given in Figure 4 predict digestion times for 95% digestion (DS 6) within 17% of those provided by the quantitative evacuation rates (R). At 4.5°C, however, the error was 32%. Obviously, when dry-or wet-weight measures of prey remaining in the gut are available, they will provide better estimates of digestion times than will the qualitative measures, and they should be used when possible. The digestive state indices measured in our study should nevertheless provide crude quantitative data for managers when a detailed study is not warranted.
When evacuation rates are used to estimate food consumption by predatory fish in the field , it is probably immaterial which model is used, because any of these models will introduce negligible error in relation to that introduced by the vagaries of field data. For example, we often do not know the temperatures at which predators digest their food because they often move to warmer water following feeding (Stuntz and Magnuson 1976; Wurtsbaugh and Neverman 1988) , or they choose higher temperatures when eating large rations than when eating small ones (Mac 1985) . In lakes, a movement of only a few meters in the thermocline can result in pronounced temperature changes for a fish , and this will translate into large changes in gut evacuation rate (Figure 2 ). Assuming that a wild fish will use its laboratory-determined " preferred temperature" can be erroneous (Brett 1971) . In addition to the problems of accurately measuring temperature, there are also major difficulties of getting accurate diet information, particularly on piscivorous fish that feed irregularly.
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